ABSTRACT: Filter characteristics have been determined and compared in ciliary and mucus-net filter feeders. The ciliary feeders include the polychaete Sabella penicillus, the brachiopod Terebratulina retuso, the marine bivalves Monia squama, Cardiurn glaucum, and Petricola pholadiformis, and the freshwater bivalves Dreissena polymorpha, Unio pictamrn, and Anodonta cygnea. The mucus-net feeders are the polychaete Chaetopterus variopedatus, the gastropod Crepidula fomicata, and the ascidians Sfyela clava, Ciona intestinalis, Ascidia virginia, Ascidia obliqua, and Ascidia mentula. Efficiencies of particle retention as a function of particle size was determined by counting of particles in samples of inhalant and exhalant water. The lower threshold for efficient particle retention varied from about 6 p m in T. retuso to about 1 p n in D. polyrnorpha. Mucus nets efficiently retained particles down to 1 to 2 pm. Filter feeding is characterized by processing of water at low pressures (5 l mm H,O). Mechanisms of water processing and particle retention in brachiopods and bivalves are compared. It is concluded that laminar flow of through-currents and surface-currents in brachiopods is consistent with the hypothesis of capture of suspended particles by means of viscous forces acting upon the particles in the zone of contact between the 2 flow systems.
INTRODUCTION
Most suspension feeders feed by means of cilia, generally arranged in bands or tracts. Invertebrates feeding by means of cilia are traditionally classified as ciliary-mucoid feeders, implying that mucus plays an essential role in the feeding mechanisms. This role of mucus has, however, not been confirmed in representatives of several types of ciliary feeders, including sabellid polychaetes (Lewis, 1968; Bonar, 1972) , brachiopods (Chuang, 1956; Rudwick, 1970; Strathmann, 1973 ) and bivalves (Jsrgensen, 1981b ; Kisrboe and Mshlenberg, 1981) . In other groups of ciliary feeders there is good evidence that mucus secretion is basic to normal feeding: many gastropods (e.g. Crepidula fomicata) and ascidians generally. In these groups mucus is secreted to form nets through which the ciliary currents are filtered.
While an abundant literature deals with mechanisms by which the various types of suspension feeders process ambient water and retain suspended particles, O Inter-Research/Printed in F. R. Germany until recently this literature has largely ignored that the flow of water and the movements of particles in the feeding structures are dominated by viscous forces characterized by low Reynolds numbers (Strathmann, 1971; Fenchel, 1980; Koehl and Strickler, 1981; Jerrgensen, 1983) . Understanding of the filtering processes requires knowledge of the efficiency by which the filters retain suspended particles, the velocity at which water passes through the filters, as well as the pressure heads generated by the water-transporting structures. The present paper contributes to this knowledge in representatives of various types of filter feeders.
MATERIAL AND METHODS
Experiments were conducted at various laboratories between June 1978 and December 1982.
The bivalves Cardium glaucum and Petn'cola pholadiformis were collected (June 1978) in the Limfjord (Denmark) and transferred to the seawater system (17 'C, 28 %o S) of the nearby Biological Station at Rernbjerg. Prior to experiments these infauna bivalves were allowed to bury themselves in beakers with sediment.
Experiments with the brachiopod Terebratulina retuso, the bivalve Monia squama and the polychaete Sabella penicillus were conducted at the Tjarno Marine Biological Laboratory (Sweden) in July 1982. As these species (especially T. retuso and M. squama) require very long acclimation periods, animals from the exhibition aquaria of the laboratory were selected for experiments. These animals had been collected in the Koster Fjord (Sweden) and were acclimated to the laboratory's seawater system (16 "C, 33 %O S) during at least half a year. The animals were not removed from their original substratum during experiments.
The ascidians Ascidia virginia, A. obliqua, A. mentula, Ciona intestinalis and the polychaete Chaetopterus variopedatus were studied at Tjarno in October 1982. The ascidians, originating from the Koster Fjord, were again selected from exhibition aquaria, whereas C. variopedatus were collected by divers in the Gulmar Fjord (Sweden) and transported to the Tjarno laboratory. Measurements were made at 15 "C. Additional experiments with C. variopedatus from the Gulmar Fjord were carried out in the seawater system of the Marine Pollution Laboratory, Charlottenlund, (15 "C, 30 %o S) during October and November 1982. The ascidian Styela clava and the gastropod Crepidula fornicata, collected in western Limfjord, were also studied in Charlottenlund.
The freshwater bivalves Dreissena polymorpha, Unio pictarum and Anodonta cygnea were collected (August 1982) in Lake Bastrup, Zealand (Denmark), and transported to the nearby laboratory at Roskilde University Center. The bivalves were established in aquaria with water from Lake Bastrup. The epifaunal D. polymorpha were allowed to attach by their byssus on glass dishes and the 2 infauna species were allowed to bury themselves in beakers with sediment. Experiments were carried out at 10 "C.
Prior to and during experiments the animals were fed mixtures of algal cultures. In the experiments with the marine species suspensions were prepared of the following spherical algae (grown in axenic cultures): Nanochlon's atomus (2 to 3 pm), Monochrysis lutheri (3 to 4 pm), Isochrysis galbana (4 to 5 pm), Dunaliella marina (5 to 7 pm), Tetraselmis suecica (6 to 8 pm) and the ovoid Rhodomonas sp. (7 X 11 m). In experiments with the freshwater bivalves a mixture of the spherical green alga Chlorella vulgaris (2 to 5 pm) and latex beads (1.1, 2.1, 7.9 and 13.7 pm) were added to the ambient water.
Efficiencies of particle retention were assessed by the method of Mwhlenberg and RiisgArd (1978) . Samples of inhalant and exhalant water were taken from actively filtering, undisturbed animals by glass tubes placed immediately above the inhalant and exhalant apertures. The size distribution of particles in the water samples were then determined by means of a n electronic particle counter, either an Elzone Counter model 80 xy fitted with a 19 or 48 km orifice tube (all measurements carried out at Tjarno) or a Coulter Counter model TA I1 with a 50 pm tube (all other measurements). To freshwater samples were added NaCl to provide the required conductivity (20 ' %W) of the water without altering the particle size distribution. The fractions of the various particle sizes retained by the filtering animals were calculated from the reduction in concentration in the water passing the animals. Above a certain particle size the percentage reduction was constant and high (mostly above 80 % and often 100 %). Retention efficiency spectra were expressed as percentage reduction in retention with decreasing particle size relative to the maximum retention. Particle sizes were expressed by diameters of the equivalent spheric volumes recorded by the electronic particle counters.
To obtain absolute values for retention efficiencies the filter feeding animals must produce well defined exhalant currents. This was the case for most of the species studied, including the brachiopod Terebratulina retuso (Rudwick, 1970) . The polychaete Sabella penicillus, however, produces diffuse currents that are passed through the crown from the outer convex to the inner concave side. In S. penicillus 'exhalant' water was collected by siphoning water through a funnel placed over the crown, the diameter of the funnel being a little larger than that of the crown. A sample of the 'inhalant' water was collected just below the crown. By this method a maximum reduction of 40 to 75 % in concentration of optimally retained particles was obtained.
In some instances retention efficiency as determined by means of the Coulter Counter was compared with the retention of bacterioplankton present in the samples. Bacteria were counted on nuclepore filters by fluorescence microscopy according to Hobbie et al. ( 1 977).
On all species studied, 4 to 15 measurements of retention efficiency were made on 1, 2 or more individuals. In the graphs showing the retention efficiency as a function of particle size the values represent means of 2 to 9 measurements. When more than 3 measurements were made, vertical lines indicate standard errors.
In some species filtration rate was determined from the rate (C) by which efficiently retained particles were cleared from suspensions by means of the equation:
are collected below the water transporting band of cilia, downstream retention, e.g. sabellid polychaetes. where M = volume of suspension; t = time; C, and C, In the other type particles are retained above the water = particle concentrations at time 0 and time t. Approtransporting band, upstream retention, e.g. brachipriate mixing of the water during the clearance-meaopods and bivalves (Fig. 1) . surements was ensured by aeration.
Ressure drops across mucus filters were estimated from the equation:
Sabellid polychaetes
(2)
In Sabella penicillus and other sabellids the radiatwhere t = nd/b, d = diameter of mucus fibers; b = center distance between neighbouring fibers of the nets; p = viscosity; U, = flow velocity. The model is developed for filters consisting of parallel, equally spaced cylinders, but the pressure drops are little influenced by angular orientations of the cylinders in the plane normal to flow (Jargensen, 1983) .
ing filaments of the crown carry side branches, pinnules, equipped with laterofrontal tracts of cilia that produce the through currents. Ciliary tracts along the frontal, inner surface of the pinnules produce currents toward the base of the pinnules and further along the filaments toward the mouth region, centrally placed within the crown ( Fig. 1 A) . Fig. 2 B shows the efficiencies with which particles of various sizes suspended in the through currents are transferred into these surface currents. The data suggest an optimum particle size for
RESULTS AND DISCUSSION
retention of about 3 pm in diameter, with little change in retention efficiency up to the largest particles Ciliary feeders included, about 8 pm. With decreasing particle size retention efficiency rapidly declined, to about 30 % of Two types of metazoan feeding by means of ciliary the maximum at a particle size of about 1 ym in appabands can be distinguished. In the one type particles rent diameter. Middle, earliest functional lophophore stage; left, short segment of lophophore with filaments; right, cross section of filament, indicating path of particle from through current into surface current (modified from Rudwick, 1962 Rudwick, , 1970 . (C) Bivalve, upstream retention. Left, oblique frontal view on segment of four gill filaments; right, cross section of filament. Paths of particles from through currents into surface currents are indicated
Brachiopods Bivalves
The brachiopods are lophophorates, the lophophore being enclosed between a dorsal and a ventral calcareous valve. While the brachiopod lophophore may develop into a highly complex structure, all are composed of filaments that radiate from the variously looped or coiled brachium (arm). The rows of filaments divide the mantle cavity into an inhalant and an exhalant compartment, the through currents being produced by the metachronally beating bands of lateral cilia along the sides of the filaments. Suspended particles are transferred upstream to surface currents along the frontal surface of the filaments and further along the food groove of the lophophore axis to the mouth (Fig. 1 B) . Fig. 2 A shows the efficiency with which particles of various sizes are retained by Terebratulina retuso. The efficiency of retention increased with particle size throughout the range-of sizes studied, from about 1 to 7 p m A comparison with simultaneously sampled inhalant water showed that 67.8 -+ 10.2 (SD) % of 7 pm particles were removed from the water during one passage of the lophophore.
Particle diameter (pm) The bivalves constitute the most studied group of filter feeding animals, but the mechanisms of water processing are still incompletely understood (Jsrgensen, 1983) . The feeding mechanism is of the upstream type and metachronally beating bands of lateral cilia along the sides of the gill filaments produce the interfilamentary through currents. Ciliary tracts along the frontal side of the filaments produce surface currents that gradually emerge into feeding currents terminating in the stomach. At the entrance to the interfilamentary spaces suspended particles move from the through currents into the surface currents (Fig. 1 C) . Fig. 3 and 4 show the efficiency of particle retention in marine and freshwater bivalves. Particles began to pass through the gills in significant amounts at diameters that varied from about 5 pm in Monia squama to 1 pm in Dreissena polymorpha. In M. squama the lower threshold for particle retention was about 2 pm. In the other species the thresholds were below the particle range covered by the electronic particle counter used.
Particle diameter (pm) The efficiency of particle retention in the bivalve gill has been correlated with structural features of the gills, especially the development of the laterofrontal cirri. Gill types with small or lacking laterofrontal cirri, e.g. in pectinids and Ostrea edulis, have been found less retentive than gills with well developed cirri (Mohlenberg and RisgBrd, 1978) . M. squama which lacks the cirri fits into this pattern. However, also gills with well developed laterofrontal cirri varied in retentiveness. Thus, Dreissena polymorpha efficiently retained 1.5 W latex particles which, measured with the same technique, passed the gill of Anodonta cygnea to about 60 %. A. cygnea was significantly leaky to particles of about 4 pm in diameter. Unio pictarum was intermediate in efficiency of particle retention ( Fig. 4 ; Table 1 ). The differences in retention between the species could not be correlated with differences in the development of the laterofrontal cirri, nor with the intercirral distances. Thus the mean center distance between cirri, measured on isolated gill fragments, was 2.3 pm in D. polymorpha and 2.2 pm in A. cygnea.
Clearance of algal suspensions and gill area were measured in four specimens of Dreissena polymorpha about 3 cm in length. The free velocity of the water current (U,) through the gill amounted to 0.2 mm S-'.
Particle diameter (pm) 
Mucus-net feeders Polychaetes
Chaetopterus variopedatus produces a leathery Ushaped tube which it ventilates by means of 3 fanshaped notopodia on the 14th to 16th segments. When feeding, the worm secretes a mucus net from the aliform notopodia of the 12th segment. The feeding net is continuously produced, the posterior end being rolled up into a ball within the dorsal cupule, to be eaten at intervals of about 15 min (Fig. 5 A) . The ventilation current through the tube passes the net which thus filters the water. The filter is built of longitudinal and transverse mucus fibers forming a network of oblong rectangular meshes (Flood and Fiala-Medioni, 1982) .
The critical particle size for efficient retention varied with the techniques used. The particle size corresponding to 90 % retention was about 1.2 and 1.7 pm, when determined with the Coulter Counter and Elzone Counter. The latter indicated about 60 % efficient retention of 0.5 pm particles whereas the fluorescence microscopy indicated that only about 1/3 of the large (1 pm) bacteria were retained by the net (Fig. 6 A; Table 2 ). These results should be compared with the dimensions of the meshes of the net as measured on electron microscopic preparations. Flood and FialaMedioni (1982) obtained a mesh size of 0.76 k 0.96 The rates at which Chaetopterus variopedatus cleared suspensions of algal cells were similar when measured for worms in their own tube or those transferred to glass tubes (Table 3 ). The dimensions of the net could be measured in the worms established in glass tubes, and the surface area calculated. From the clearance values and filter area the mean flow velocity through the net (U,) was found to be about 3.0 mm S-' (Table 3) .
To calculate the pressure drop across the net we must know the mesh size and fiber thickness of the intact net. The particle retention spectrum suggests a mesh size of S 1.7 (Table 1) . If the fibers are assumed to have shrunk corresponding to a d/b ratio of 0.02 a Ap value of about 0.7 mm H 2 0 applies ( Table 3) .
The maximal pressure head a 26 mg dry mass Chaetopterus variopedatus, accommodated in a 10 cm glass tube of 6.45 mm internal diameter, could produce was determined by placing the tube in the vertical position with the excurrent end of the tube elevated above the water surface. The difference in water levels outside and inside the tube was measured by a cathetometer to be about 8 mm H20. The working pressure head thus amounted to about 1/10 the maximum.
Gastropods
Crepidula fornicata produces a water current through the mantle cavity by the activity of the lateral cilia of the gill filaments. The through current passes 2 mucus filters, a coarse filter at the entrance to the mantle cavity and a fine filter transported across the gill surface by means of the frontal cilia of the gill filaments (Fig. 5 B) . The coarse filter is built of longitudinal and transverse mucus fibers (Werner, 1953) . The fine structure of the gill filter has not been studied. Using the Coulter Counter technique we found C. fornicata to retain particles completely down to about 2 pm, whereas 90 % retention was measured at a value of 1.2 pm in diameter (Fig. 6 B) . In a suspension of 1.9 pm Chlorella virginica cells Williams (1978) , also using the Coulter Counter, observed a pronounced drop in retention efficiency at a particle size corresponding to 1.4 pm. From Fig. 9 , p. 5 of Williams (1978) it can be estimated that 1.4 pm particles were retained with only one fourth the efficiency of the 2.2 pm particles. The mean mesh size of the mucus net may thus be about 1.8 pm.
A specimen of Crepidula fornicata of 132 mg dry body mass cleared 11.0 + 1.8 (S.D.) m1 of algal suspension per min. From the relation between shell length and gill area (Werner, 1951 ) the area of the gill filter (Table 3) .
Ascidians
Ascidians feed by passing a current of water through the pharynx which communicates with the atrial cavity through numerous ciliated ostia in the pharynx wall. The ostial cilia produce the current which is filtered through a mucus net continuously secreted and transported across the pharynx wall, from the endostyle to the dorsal lamina (MacGinitie, 1939b; Fig. 5 C) . The mucus net is built of longitudinal and transverse filaments that form rectangular meshes (Flood and FialaMedioni, 1981) .
The net porosities found in a number of ascidians are shown in Fig. 7 and Table 1. Measurements using the Elzone Counter suggested that the nets became leaky to particles of equivalent diameters of about 2 pm, against about 1 pm when using the Coulter Counter. Fluorescence microscopy indicated significant differences in retention efficiency between species, the Ascidia obliqua net being highly permeable to large bacteria which were retained with about 90 % efficiency in Ciona intestinalis and Ascidia virginia (Table 2) . Flood and Fiala-M6dioni (1981) obtained mesh sizes in the electron microscopic preparations that varied between species from 0.2 to 0.5 Km in width and 0.5 to Particle diameter (pm) Fig. 7 . Retention as a function of particle size in 4 ascidians: Styela clava (A), Ciona intestinalis ( B ) . Ascidia virginia (C), and Ascidia obliqua (D), determined with Coulter Counter (0) or Elzone Counter, 19 pm orifice (e)
2.2 pm in length, whereas the filaments were 10 to 40 nm thick, indicating some shrinkage of the mucus nets during preparation. Specimens of Ascidia rnentula, of 300 mg dry soft tissue (total minus test) mass, cleared 119 m1 min-' of algal suspensions. The area of the pharynx wall was measured to be 54 cm2, providing a flow velocity through the mucus filter of 0.37 mm S-'. To estimate the pressure drop a d h value of 0.02 was chosen, which resulted in a Ap of about 0.1 mm H,O, at a mesh size of 1.8 pm (Table 3) .
Efficiency of particle retention: comparison of methods
The efficiencies of particle retention measured varied with the methods used. The threshold for efficient retention of particles was consistently found to be lower when estimated by means of the Coulter Counter fitted with a 50 pm orifice tube a s compared with the Elzone Counter fitted with a 19 pm orifice tube (Table 1) . The reason for this discrepancy is apparently that the Coulter Counter set-up operated at the lower limit of resolution where particle counts can be contaminated by electrical noise. Such noise did not interfere with the measurements made with the Elzone Counter. Another source of error may arise from the fact that electronic particle counters register particles by the equivalent volumes of non-conducting spheres. Natural waters contain varying amounts of colloidal particles of ill defined shapes and conductive properties. Such particles are recorded as particles of spherical volumes that are smaller than corresponding to the dimensions which determine how efficiently they are retained by the various types of filter feeders. When such particles are numerous in the water they will distort the retention spectra by tending to overestimate retention of small particles. If retention spectra are determined repeatedly in recirculated water the 'inflated' particles are removed faster than those more closely reflecting the equivalent volume, and the retention spectra should exhibit declining efficiencies at the lower end of the particle size range. An example is shown in Fig. 8 . As can be seen, the retention efficiency of particles of an equivalent size of 0.45 pm in diameter decreased with recirculation from about 60 % to about 20 %. This discrepancy decreased with increasing particle size to practically disappear at 2.0 p m Electronic particle counting therefore tended to overestimate the threshold size for efficient retention when these thesholds approached 1 pm, whereas thresholds at 2 pm were probably reliably recorded. It therefore seems that the thresholds at about 2 m, (Table 2 ). It is noteworthy that the counting of bacteria tended to indicate lower efficiencies of particle retention in the 1 to 2 pm range than did the Coulter Counter recordings, e.g. C. variopedatus and Ascidia obliqua.
Retention efficiency spectra
Threshold values for particle retention varied with the type of filter feeders from about 6 pm in diameter down to about 1 pm. In most ciliary feeders the lower limit for particle retention was found to be 1 to 2 pm. The bacterioplankton, ranging in size from about 1 to 0.3 F, thus seems to be available to ciliary feeders only in exceptional instances. Wright et al. (1982) found that the gills of the mussel Geukensia demissa retained substantial fractions of the larger bacterioplankton from the through current.
Mucus-net feeding has resulted in more uniform filter characteristics than has ciliary feeding. The mucus nets consists of regularly spaced longitudinal and transverse mucus threads (Werner, 1959; Fiala-Medioni, 1981, 1982) , and the dimensions of the meshes determine the efficiency of suspended particle retention. The threshold for efficient retention is about 2 pm in both Chaetopterus variopedatus and several ascidians, and agrees with previous studies on ascidians (Randlerv and Riisgbrd, 1979) . The lower size limits for particle retention are not precisely known, but the data on retention of small and large components of the bacterioplankton suggest values around 1 W.
Comparison of ciliary feeding and mucus-net feeding
Ciliary filter feeding is characterized by low pressure heads of less than 1 mm H 2 0 (Foster-Smith, 1976; Jerrgensen, 1983) and is correlated with the low total pressures that ciliary water propulsion can accomplish, 5 mm H 2 0 or less. Present and previous data (Jerrgensen, 1983) suggest that filter resistances to the water flow are similar in ciliary filter feeders and in the mucus-net feeders that propel the water by means of cilia. Mucus-net feeders that apply muscular force to produce the through currents may transport water at higher pressures, about 1 mm H,O in Chaetopterus variopedatus. Transport pressures of 2 2 mm H 2 0 have been measured in the mucus-net feeding, tube-dwelling echiurid worm Urechis caupo, which propel water by muscular contractions of the body wall, the contractions passing along the body as peristaltic waves (Chapman, 1968) . The higher pressure drop across the mucus filter in C. variopedatus than in Crepidula fornicata and Ascidia mentula is correlated with a higher unrestricted flow velocity of the water (Table 3) .
Comparison of ciliary feeding in brachiopods and bivalves
The unrestricted flow velocities through the brachiopod lophophore have been estimated to be 0.28 mm S-' in Terebratalia transversa; 0.19 mm S-' in Lagueus californianus; and 0.15 mm S-' in Terebratulina unguicula (LaBarbera, 1981) . In marine bivalves several times higher flow rates have been found, e.g. 1 to 2 mm S-' in Mytilus edulis ( M~h l e nberg and Riisgbrd, 1979; Kiarboe et al., 1980; Jerrgensen, 1983) . This difference in flow velocities is correlated with relatively larger areas of lophophores than of gills. In M. edulis the gill area amounted to about 25 cm2 g-' dry mass of soft tissues (Mshlenberg and Riisgbrd, 1979) . In T. septentrionalis the area can be estimated to be about 75 cm2 g-' dry mass (Hammen, 1977; LaBarbera, 1981) . The efficiency of particle retention in brachiopods has been determined in only 1 species, Terebratulina retuso, which exhibited a particle retention spectrum comparable to those exhibited by non-retentive bivalves, such as pectinids (Merhlenberg and Riisgbrd, 1978) and Monia squarna.
Brachiopods and bivalves show striking structural similarities. It is therefore of interest to explore to what extent such similarities are reflected in the water processing mechanisms. Both brachiopods and bivalves pump water through a mantle cavity by means of bands of lateral cilia along the filaments. In both groups suspended particles are transferred to the surface currents of the filaments, and further along food grooves to the mouth (Rudwick, 1970; Jerrgensen, 1981a, b) . Two main systems of currents can thus be distinguished within the mantle cavity of both groups, a system of through currents and a system of surface currents. The through currents are produced by the metachronal waves of the lateral cilia. The properties of the waves have not been studied in brachiopods, but they may be comparable to those of the metachronal waves produced by the lateral cilia of the bivalve gill filaments. In bivalves the constant through currents originate from oscillatory currents produced by the oscillatory movements of the enveloping surface of the metachronally beating bands of lateral cilia (Jerrgensen, 1982) . Presumably, such oscillatory components of the interfilamentary currents also constitute parts of the patterns of mantle currents in brachiopods. LaBarbera (1981) found that the through current in brachiopods is laminar. Streams of dyed water as narrow as about 300 pm did not visibly broaden from their entry into the mantle cavity till they emerged from the exhalant gape. This implies that the surface currents and the oscillatory components of the interfilamentary currents are laminar, and that no mixing of water occurs between the through currents and the surface currents. Suspended particles must therefore move perpendicularly to the streamlines in order to pass from the system of through currents into the surface currents. Such movements are compatible with the fluid mechanical hypothesis proposed for particle retention in the bivalve gill (Jnrgensen, 1981a (Jnrgensen, , 1982 .
